Repeated use of protox-inhibiting herbicides has resulted in a common waterhemp (Amaranthus rudis Sauer) biotype that survived lactofen applied up to 10 times the labeled rate. Field and greenhouse research evaluated control options for this biotype of common waterhemp. In the field, PRE applications of flumioxazin at 72 g ai ha −1 , sulfentrazone at 240 g ai ha −1 , and isoxaflutole at 70 g ai ha −1 controlled common waterhemp >90% up to 6 weeks after treatment. POST applications of fomesafen at 330 g ai ha −1 , lactofen at 220 g ai ha −1 , and acifluorfen at 420 g ai ha −1 resulted in <60% visual control of common waterhemp, but differences were detected among herbicides. In the greenhouse, glyphosate was the only herbicide that controlled protox resistant waterhemp. The majority of herbicide activity from POST flumioxazin, fomesafen, acifluorfen, and lactofen was from foliar placement, but control was less than 40% regardless of placement. Control of common waterhemp seeded at weekly intervals after herbicide treatment with flumioxazin, fomesafen, sulfentrazone, atrazine, and isoxaflutole exceeded 85% at 0 weeks after herbicide application (WAHA), while control with isoxaflutole was greater than 60% 6 WAHA. PRE and POST options for protox-resistant common waterhemp are available to manage herbicide resistance.
Introduction
Common waterhemp (Amaranthus rudis Sauer) is a problematic weed in corn (Zea mays L.) and soybean (Glycine max L. Merr) production systems throughout the central United States [1, 2] . In Missouri, common waterhemp is considered the worst weed to control among producers [3] . Common waterhemp has adapted to a range of growing conditions and crop production systems due to prolific seed production [4] [5] [6] , competitiveness [7] [8] [9] , genetic diversity, and herbicide resistance [10] [11] [12] [13] .
Common waterhemp is resistant to multiple herbicides that cover six modes of action. Initially, resistance to triazine herbicides [14] was documented in the Midwestern U.S., followed by resistance to acetolactate-synthase-(ALS-) inhibiting herbicides [15, 16] . As resistant populations became more frequent, a population of common waterhemp exhibited multiple-resistance to both triazine and ALS-inhibiting herbicides [10] . The ineffectiveness of ALS-inhibiting herbicides led to broad adoption of protoporphyrinogen-oxidase (Protox-) inhibiting herbicides. However, continuous usage resulted in common waterhemp biotypes resistant to POST applications of acifluorfen and lactofen in Illinois, Missouri, and Kansas [8, 9, 12, 17] . Li et al. [17] determined that a resistant biotype of common waterhemp in Missouri required a 44-fold higher rate of lactofen to achieve similar reduction in plant biomass compared to susceptible plants. Over 30% of the fields in Northeast Kansas were reported resistant to a POST application of protox-inhibiting herbicides [12] .
Protox-inhibiting herbicides have been used commonly for PRE and POST weed control in corn and soybean [18] [19] [20] [21] . Structurally distinct families classified as protox-inhibiting herbicides include diphenyl ethers, Nphenylphthalimides, oxadiazoles, oxazolidinediones, phenylpryrazoles, pyrimidindiones, thiadizaoles, and triazolinones [22] . Commonly used herbicides for residual management of common waterhemp in soybean include sulfentrazone or flumioxazin, with POST herbicides composed of the diphenyl ethers acifluorfen, fomesafen, and lactofen [23, 24] . However, the adoption of glyphosate-resistant crops resulted in a sharp decrease in the use of protox herbicides, likely slowing the selection of additional resistant populations.
Recently, the extensive reliance on glyphosate for weed management in soybean has resulted in the selection of waterhemp (Amaranthus spp.) populations exhibiting resistance [25] . In greenhouse studies, common waterhemp seedlings from field-collected seed at two Missouri locations showed a level of resistance between 9-and 19-fold greater than susceptible plants. Surprisingly, plants were crossresistant to both ALS-and protox-inhibiting herbicides.
Protox-inhibiting herbicides show varying levels of soil persistence. The PRE herbicides, flumioxazin and sulfentrazone, have a soil half-life of 11.9-17.5 and 121-302 d, respectively [22] . The POST herbicides acifluorfen, fomesafen, and lactofen have a soil half-life of 14-60, 100, and 3 d, respectively, with fomesafen persisting longer under aerobic conditions [22] . Flumioxazin, fomesafen, and sulfentrazone are relatively mobile in the soil with plant roots absorbing and transporting herbicide through the xylem [22, 26] . However, acifluorfen and lactofen have shown limited plant movement [22] .
Research is needed to identify effective alternatives to control waterhemp populations resistant to multiple herbicide modes of action. The objectives of this research were to: (1) evaluate PRE and POST options for managing a population of common waterhemp with resistance to protox-inhibiting herbicides; (2) evaluate common waterhemp for multiple resistances to triazine, ALS-inhibiting, HPPD, and glyphosate herbicides; (3) determine how herbicide placement and soil persistence affects control of common waterhemp that is resistant to protox-inhibiting herbicides. • 0 W), with documented resistance to lactofen and acifluorfen [17] . The soil was a Putnam silt loam (fine, smectitic, and mesic vertic Albaqaulfs) with 26 g kg −1 organic matter and pH 6.2. The site was field-cultivated twice before applying PRE herbicides. Treatments were applied using a CO 2 backpack sprayer calibrated to deliver 187 L ha −1 at 138 kPa with 8003 flat-fan nozzles (Spray Systems Co., Wheaton, IL). Environmental conditions and plant development at the time of application are reported in Table 1 . Experiments were arranged as a randomized complete block with four replications in plots 3 by 12.2 m. Visual control was rated on a scale of 0 (no injury) to 100% (complete plant death). 
Materials and Methods

General Methods for Greenhouse Experiments.
Common waterhemp seed were collected from plants surviving a POST lactofen application at Bethel; seed from waterhemp known to be susceptible to protox-inhibiting herbicides also were used as a control population. Common waterhemp seeds were sown into 10-cm diameter polypropylene containers and filled with field or potting soil. As seedlings emerged, they were thinned to one plant per container and grown under a 16-h photoperiod at 30
• C. Water and fertilizer were added as needed via subirrigation. Overhead irrigation was applied following herbicide application for activation of soil persistent herbicides. All herbicide treatments were applied using a compressed air pressure system calibrated to deliver 187 L ha −1 at 166 kPa with 80015 nozzle tips. POST herbicides were applied when plants reached 10 cm. Cultural methods were similar for all greenhouse research unless otherwise described. , and flumioxazin at 72 g ai ha −1 ) and three placements (foliar, soil, and foliar plus soil). There were four replications and the study was repeated. The foliar placement consisted of vermiculite placed over the soil and around the base of common waterhemp plants to prevent herbicide contact with the soil. The vermiculite was removed and discarded after herbicide application. The soil placement consisted of a 1.3 cm diameter polyvinyl chloride tube placed over the common waterhemp plant to prevent herbicide contact with plant tissues. For the foliar-plus-soil placement, plants were left in their natural state in pots. Visual control ratings and plant height were recorded at 3, 7, 10, 14, and 21 DAT. Plants were harvested and their fresh weights recorded (as a percentage of the control) 21 DAT. 1 , and isoxaflutole at 70 g ai ha −1 ). The sub-plot factor was common waterhemp seeding date (0, 2, 4, and 6 weeks after application). Common waterhemp seeds were planted into a Mexico silt loam that was steam pasteurized at 60
Soil
• C for 30 minutes to destroy viable common waterhemp seeds naturally present in the soil. The pasteurized soil was placed in 31 by 61 cm polypropylene containers, and each container was treated with a single herbicide. In each treated container, 100 common waterhemp seeds were counted and planted at intervals of 0, 2, 4, and 6 weeks after herbicide application (WAHA). After each planting, 8.2 mL of water was applied to each treatment to ensure herbicide activation. At 28 d after each planting, visual control was rated and plant height measured, with height reduction calculated as a percentage of the control.
Statistical Analysis.
All data were subjected to ANOVA and means separated using Fishers Protected LSD (P = 0.05). Field data were not combined due to a treatment-by-year interaction indicating significant variation in the common waterhemp population at Bethel. All greenhouse data were combined over experiments due to absence of interactions. Soil persistence data were fit to second-order polynomials using Microsoft Excel 2007 and reported for data averages because data were combined over experiments.
Results and Discussion
Field Experiment.
Visual control of common waterhemp with flumioxazin, sulfentrazone, and isoxaflutole was >84% and plant densities were reduced >90% at 28 DAT (Table 2) . Flumioxazin and sulfentrazone reportedly control broadleaf weeds up to 4 to 6 weeks after application (WAA) [22] . No differences were found in control between the PRE protoxinhibiting herbicides, flumioxazin or sulfentrazone, compared to the HPPD-inhibiting herbicide isoxaflutole. Shoup et al. [27] also observed that preemergence applications of flumioxazin and sulfentrazone-controlled protox-resistant common waterhemp 95% and 92%, respectively. Therefore, soil-active protox herbicides are a viable option for control of waterhemp that is resistant to foliar-active protox herbicides. However, these herbicides may select for protox-resistant biotypes similar to other research [28] .
Postemergence Control.
At 21 DAT, POST applications of fomesafen, acifluorfen, lactofen, flumiclorac, and carfentrazone-ethyl resulted in less than 60% visible control in 2002 and less than 50% in 2003 (Table 3 ). In 2002, mesotrione, dicamba/diflufenzopyr, and atrazine resulted in 99, 72, and 56% visual control, respectively. However, in 2003, mesotrione, dicamba/diflufenzopyr, and atrazinecontrolled common waterhemp 68, 87, and 37%, respectively. Differences in visual control and fresh-weight reductions were due to uniformly marked plants (10 cm tall) that were evaluated for fresh weight reduction and visual control was for the range of common waterhemp sizes (Table 1) . Shoup et al. [12] observed increased common waterhemp injury with fomesafen compared to other POST protox herbicides such as lactofen and acifluorfen. Field results for 2002 (Table 3) were similar to other research [12] , indicating increased common waterhemp control with fomesafen in comparison to lactofen, but in 2003 the opposite was observed. Atrazine-controlled common waterhemp less than 60% in both years; however, this is likely attributed to applications applied when weeds were 10 cm tall and exceeded the target size. Timely applications and coverage of high waterhemp populations with atrazine may be difficult because common waterhemp grows rapidly [29] . In 2003, control of waterhemp with mesotrione was less than 70%. With recent documentations of resistance to glyphosate [25] and HPPD-inhibiting herbicides [30] , greater focus on suppression of waterhemp with residual herbicides may be necessary for successful management.
Greenhouse Multiple-Resistance Evaluation.
The protox herbicides lactofen (both rates), fomesafen, flumioxazin, acifluorfen, and sulfentrazone resulted in <30% visual control of common waterhemp by 21 DAT (Table 4) . Atrazine (PSII-inhibiting) and imazethapyr (ALS-inhibiting) control of common waterhemp was 27 and 0%, respectively. These results indicate that the common waterhemp biotype at Bethel was most likely resistant to ALS, PSII, and protox herbicides. Patzoldt et al. [31] confirmed multiple resistances of common waterhemp to all three herbicide groups in Illinois. It is likely the Bethel biotype is multiresistant to ALSinhibitors and functionally resistant based upon treated size to atrazine. In 2003, the HPPD-inhibitor mesotrione was also ineffective with <70% control of common waterhemp 21 DAT. Glyphosate was the only herbicide that controlled protox-resistant waterhemp. Lactofen applied to susceptible plants controlled this biotype. Height and fresh-weight reduction were similar to the visual control ratings. Recent research has reported HPPD-resistant common waterhemp in the Midwestern USA [30] .
Greenhouse Herbicide Placement.
Flumioxazin and fomesafen had 11% to 32% greater control of common waterhemp with a soil-plus-foliar herbicide placement compared to soil-only or foliar-only placement, but control remained less than 40% (Table 5 ). There was no difference in control among herbicide treatments with soilonly and foliar-only herbicide placements. Height and fresh-weight reduction results were similar to results with visual control. Flumioxazin and fomesafen had 11% to 25% greater height reduction compared to lactofen or acifluorfen when soil-plus-foliar applied 21 DAT. Placement affected control of common waterhemp, though none of the treatments provided greater than 32% control or greater than 36% height or fresh weight reduction 21 DAT.
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Greenhouse Herbicide Persistence.
Isoxaflutole, sulfentrazone, fomesafen, flumioxazin, and atrazine provided greater than 85% control of common waterhemp when seeds were planted at the time of application (0 week after application planting (WAHA)) ( Figure 1 ). Lactofen and acifluorfen, which are primarily used postemergence, provided less waterhemp control for all seeding intervals after herbicide treatment compared to atrazine, sulfentrazone, isoxaflutole, fomesafen, or flumioxazin. The lack of common waterhemp control with imazethapyr can be attributed to the waterhemp biotype having resistance to ALS-inhibiting herbicides. Both visual control ( Figure 1 ) and height reduction (Figure 2 ) of common waterhemp decreased as the planting date was delayed up to 6 WAHA. Among the protox herbicides with residual activity, the half-life of flumioxazin is shorter (11.9-17.5 days) in comparison to sulfentrazone and fomesafen, which have a half-life that ranges from 121 to 302 days and 100 days, respectively [22] . Isoxaflutole exhibited the greatest control of common waterhemp compared to protoxinhibiting herbicides at 6 WAHA. Fomesafen and sulfentrazone provided similar control of common waterhemp at all evaluation intervals, indicating that soil persistence with fomesafen was similar to that of the preemergence protox herbicides sulfentrazone and flumioxazin for management of protox-resistant common waterhemp.
Conclusions
Under field conditions, control of a biotype of common waterhemp that is resistant to protox herbicides exceeded 84% with PRE applications of flumioxazin, sulfentrazone, and isoxaflutole, and was >90% with POST applications of mesotrione in 2002. In the greenhouse, multiple resistances to POST imazethapyr was evident, and control with mesotrione and atrazine was poor, likely based upon the size of plants treated; however, common waterhemp was controlled with glyphosate. Soil-plus-foliar applications of fomesafen-and flumioxazin-controlled common waterhemp greater than soil-only or foliar-only treatments, but control, height, and fresh weight reduction was less than 40%. In herbicide persistence evaluations, flumioxazin-, fomesafen-, sulfentrazone-, atrazine-, and isoxaflutole-controlled common waterhemp greater than 85% when seed was sown 0 WAHA. None of the herbicide treatments provided greater than 70% visual control or 30% reduction in height of common waterhemp seeded 6 WAHA, indicating that sequential herbicide use may be necessary for season-long control. Effective management of protox herbicide-resistant common waterhemp must consider rotation of herbicides by mode of action to minimize the selection of additional resistant biotypes.
